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Abstract 

Introduction: Systemic lupus erythematosus (SLE) is characterized by impaired efferocytosis and aberrant activation 
of innate immunity. We asked if shedding of MER receptor tyrosine kinase (MerTK) and AXL into soluble (s) 
ectodomains was related to immunological and clinical aspects of SLE. 

Methods: Levels of sMER and sAXL in the plasma of 107 SLE patients and 45 matched controls were measured by 
ELISA. In 40 consecutive SLE patients, we examined potential correlations between either sMER or sAXL and plasma 
levels of sCD163, a marker of !\A2 activation. All three soluble receptors were measured in supernatants of 
monocytes/macrophages cultured in various immunological conditions. Membrane expression of MerTK, AXL and 
GDI 63 was assessed by flow cytometry. 

Results: Both sMER and sAXL were associated with anti-chromatin and anti-phospholipid autoantibodies, and with 
hematological and renal involvement. However, sMER and sAXL did not significantly correlate with each other; sAXL 
correlated with growth arrest-specific 6 (Gas6), whereas sMER correlated with reduced free protein S (PROS) levels. 
Only sMER showed significant associations with lupus-specific anti-dsDNA, anti-Sm, anti-ribonucleoprotein (anti-RNP) 
and anti-Ro60 autoantibodies. Strong correlations with disease activity indices (Systemic Lupus Erythematosus Disease 
Activity Index (SLEDAI), complement reduction, titer of circulating anti-dsDNA) were found for sMER, not for sAXL. 
Patients with active SLEDAI, nephritis, anti-dsDNA and anti-Ro60 positivity showed higher levels of sMER compared to 
controls. Levels of sMER, not sAXL, correlated with sGD163 levels, and these correlated with SLEDAI. Production of sMER 
and sGD163 occurred under "M2c" polarizing conditions, whereas sAXL was released upon type-l IFN exposure. 

Conclusions: Alterations in homeostasis of anti-inflammatory and efferocytic "M2c" monocytes/macrophages may 
have a role in immunopathogenesis of SLE. 



Introduction 

Systemic lupus erythematosus (SLE) is an autoimmune 
disease characterized by defective phagocytosis of apop- 
to tic cells (AGs) [1]. Accumulation and presentation of 
AC-derived nuclear and membrane autoantigens in 
lymphoid organs are believed to drive the activation of 
autoreactive B and T cells, leading to production of anti- 
nuclear and antiphospholipoprotein autoantibodies. 
Immune complexes containing nuclear antigens and 
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antibody-opsonized AGs bind to Toll-like receptors 
(TLRs) and immunoglobulin G Fc receptors (FcyRs) on 
innate immune cells, provoking aberrant production of 
type I interferons a and |3 (IFN-a/|3) and proinflammatory 
cytokines [2,3]. Additionally, noningested AGs undergo 
secondary necrosis, which fuels ongoing innate inflamma- 
tion by amplifying TLR activation and oxidative burst 
[4,5]. 

Glearance of AGs is crucial for resolution of inflamma- 
tion and maintenance of immune tolerance [6]. In healthy 
individuals, discrete populations of phagocytes, called 
M2c (GD163^) macrophages, are designated to promptly 
remove AGs, including activated immune cells undergoing 
apoptosis [7-9]. Moreover, the physiologic engulfment of 
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AGs is associated with macrophage release of anti- 
inflammatory cytokines [6]. 

The Mer receptor tyrosine kinase (MerTK), which 
belongs to the family of Tyro3, Axl and MerTK (TAM) 
receptors (TAMRs), is required for the efficient clear- 
ance of AGs exerted by M2c monocytes/macrophages 
[9], participates in immune regulation by stimulating 
interleukin 10 (IL-10) secretion [9-11] and is involved in 
restoration of tissue homeostasis after inflammatory 
processes as well as in the maintenance of central and 
peripheral tolerance [11-14]. Another member of the 
TAMR family, Axl, is importantly involved in the deactiva- 
tion of innate immune cells stimulated by TLR agonists 
and type I IFNs through recruitment of suppressors of 
cytokine signaling 1 and 3 and the transcriptional re- 
pressor Twist [15-17]. Both MerTK and Axl inhibit 
TLR-induced activation of nuclear factor kB (NF-kB) 
transcription factors and production of proinflamma- 
tory cytokines such as tumor necrosis factor a (TNF-a) 
and IL-6 [9-11,15-17]. 

Both the Mer and Axl receptors are susceptible to 
posttranslational regulation through ectodomain shed- 
ding mediated by a disintegrin and metalloprotease do- 
main (ADAM) metallopeptidases [18-20]. In the present 
study, we measured the soluble (s) ectodomains sMer 
and sAxl in the circulation of SLE patients and matched 
healthy individuals with the aim of investigating how 
these molecules relate to clinical, laboratory and im- 
munological profiles of SLE; how they are related to 
each other and to the TAMR ligands growth arrest- 
specific 6 (Gas6) and reduced free Protein S (ProS); and 
under what immunological conditions they are pro- 
duced. We found that plasma levels of both sMer and 
sAxl were related to general aspects of systemic auto- 
immunity and were associated with hematological and 
renal involvement. However, sMer and sAxl did not sig- 
nificantly correlate with each other. Gompared to sAxl, 
sMer showed closer relations with specific aspects of 
SLE immunopathogenesis, such as production of lupus- 
specific autoantibodies and reduction of free ProS in cir- 
culation. Strong correlations with disease activity indices 
were found for sMer, but not for sAxl. Patients with 
signs of active SLE showed higher levels of sMer com- 
pared to matched controls. Remarkably, sMer levels in 
SLE patients directly correlated with circulating levels of 
sGD163, a well-known marker of M2 activation, and 
sGD163 levels correlated with Systemic Lupus Erythe- 
matosus Disease Activity Index (SLEDAI) score. In fact, 
sMer and sGD163 were found to be released under the 
same M2c polarizing conditions. Production of sAxl was 
instead enhanced in the presence of IFN-a or IFN-p, 
and plasma concentrations of sAxl in SLE patients 
correlated with increased Gas6 levels. Our data high- 
light, through the study of sMer and sGD163, a strict 



relationship between SLE pathogenesis and homeostasis 
of anti-inflammatory and efferocytic M2c monocytes/ 
macrophages. We also provide indirect proof, through the 
study of sAxl, that type I IFN stimulation plays a role in 
the development of systemic autoimmunity but does not 
seem to be closely related to SLE disease activity. Whether 
augmented ectodomain shedding of membrane receptors 
reflects increased turnover and/or activation of the re- 
spective pathways or rather contributes to their dysfunc- 
tion and/or inhibition remains to be clarified. 

Methods 

Participants 

Plasma samples from 107 SLE patients participating in 
the Oklahoma Gohort for Rheumatic Disease were stud- 
ied. All patients satisfied at least four of the 1982 revised 
American Rheumatism Association criteria for SLE [21]. 
Forty-five of these patients were matched to healthy 
controls by age, gender and ethnicity. Glinical and labora- 
tory data were registered into a database which included 
no personal identifiers. The characteristics of the pa- 
tients and the controls enrolled are reported in Table 1. 
Heparinized plasma samples were collected and stored 
at -70°G immediately after coUection. Disease activity 
was scored using the SLEDAI and the British Isles Lupus 
Assessment Group (BILAG) index [22,23]. Levels of com- 
plement fractions G3 and G4 were determined by immu- 
noturbidity. Total 50% hemolytic complement (GH50) 
activity was calculated by using a liposome immunoassay. 
Antinuclear antibodies were detected by indirect im- 
munofluorescence. The Crithidia luciliae test was used 
for detection of anti-double-stranded DNA (anti-dsDNA). 
Antiextractable nuclear antigen (anti-ENA) autoantibodies 
were measured by Ouchterlony double-immunodiffusion. 
Prior to participation, all participants gave their informed 
consent to donate their blood samples. The study was 
approved by the institutional review boards of the Okla- 
homa Medical Research Foundation and Temple University. 

Cell cultures 

Monocytes from buffy coats of healthy blood donors were 
isolated with Ficoll-Paque PLUS gradient (GE Healthcare 
Life Sciences, Pittsburgh, PA, USA) and by magnetic 
separation using a kit for human monocyte enrichment 
by negative selection (EasySep cell isolation platform; 
STEMGELL Technologies, Vancouver, BG, Ganada) ac- 
cording to the manufacturer s instructions. The purity of 
GD14^ cells was >90% as assessed by flow cytometry. 
GD14^ cells were cultured for 3 days at 0.8 x 10^ cells/ml 
in 24- well plates containing serum-free X-VIVO 15 
medium (Lonza, Walkersville, MD, USA) in the pres- 
ence or absence of macrophage colony-stimulating 
factor (M-GSF) (50 ng/ml; PeproTech, Rocky HiU, NJ, 
USA), granulocyte macrophage colony-stimulating 
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Table 1 Demographic, clinical and immunological characteristics of the patients^ 


Characteristics 


Total patients 


Matched patients 


Matched controls 




(A/ =107) 


(A/ = 45) 


(A/ = 45) 


Age (years) 


39.6 ±14.1 


46.7 ± 15.4 


45.4 ± 15.9 


Sex (F:M ratio) 


3.9:1 


3.1:1 


3.1:1 


Ethnicity 








Caucasian (%) 


88.9 


86.9 


86.9 


African (%) 


6.7 


6.5 


6.5 


Asian (%) 


2.2 


3.7 


3.7 


American Indian (%) 


2.2 


2.8 


2.8 


ACR total (number of criteria met) 


5.51 ±1.69 


5.52 ± 1.69 




Antichromatin Ab 


32.7 


28.9 




Anti-dsDNA Ab {Crithidia luciliae test) (%) 


27.1 


33.3 




Anticardiolipin IgG Ab (%) 


38.3 


28.9 




LAC (%) 


13.1 


11.1 




Anti-Smith Ab (%) 


18.7 


11.1 




Anti-RNP Ab (%) 


20.6 


17.8 




Anti-Ro/SSA (Ro52/60 kDa) Ab (%) 


38.3 (21.5/34.6) 


31.1 (17.8/28.9) 




Anti-La/SSB (anti-Ro60 + anti-La) Ab (%) 


16.8 (15.0) 


15.6 (13.3) 




CHso <40 (U/ml) 


51.4 


55.6 




C4 <16 (mg/dl) 


35.5 


44.4 




SLEDAI score 


5.29 ±4.20 


5.02 ± 3.26 




Renal involvement (%) 


13.1 


24.4 




(BILAG grades A to C) 








Mucocutaneous involvement (%) 


68.2 


57.8 




Musculoskeletal involvement (%) 


77.6 


66.7 




Cardiovascular/respiratory involvement (%) 


14 


15.6 




Hematological involvement (%) 


37.4 


31.1 




Vasculitis (%) 


53.3 


53.3 




Neurological involvement (%) 


3.7 


4.4 




BILAG total score 


6.1 7 ±4.53 


5.70 ±3.93 




Gas6 plasma levels (ng/ml) 


18.81 ±8.67 


17.64 ±7.10 


15.89 ±6.88 


Free protein S plasma levels (pg/ml) 


6.78 ± 2.36 


6.37 ±1.79 


6.91 ±1.74 



^Ab, antibody; ACR total, number of American Rheumatism Association 1982 revised criteria for classification of systemic lupus erythematosus; BILAG, British Isles 
Lupus Assessment Group index; C4, complement fraction 4; CH50, 50% hemolytic complement activity of serum; dsDNA, double-stranded DNA; Gas6, growth 
arrest-specific 6; IgG, immunoglobulin G; LAC, lupus anticoagulant; RNP, ribonucleoprotein; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SSA, 
Sjogren's syndrome antigen A; SSB, Sjogren's syndrome antigen B. 

factor (GM-CSF) (100 ng/ml; PeproTech), IL-10 (ELISA). Pellets were resuspended in phosphate-buffered 
(50 ng/ml; PeproTech), IFN-a (3,000 U/ml; Novus Bi- saline (PBS) and immediately analyzed by flow cytometry, 
ologicals, Littleton, CO, USA), IFN-|3 (3,000 U/ml; 

PeproTech), IFN-y (2.5 ng/ml; R&D Systems, Minneap- Enzyme-linked immunosorbent assay 
olis, MN, USA), IL-4 (20 ng/ml; Novus Biologicals), IL-17 Plasma concentrations of sAxl, sMer and sCD163 were 
(100 ng/ml; R&D Systems) or dexamethasone (100 nM; measured by sandwich ELISA according to standard 
Sigma-Aldrich). When specified, on day 2, cells were coin- procedures [24]. Briefly, 96-well plates were precoated 
cubated with lipopolysaccharide (LPS) (100 ng/ml; Sigma- overnight with a capture antibody. Heparinized plasma 
Aldrich) for the remaining 24 hours. Cells were then samples were diluted 1:10 in PBS containing 1% bovine 
harvested by centrifugation. Supernatants were collected serum albumin (BSA) and applied to precoated plates in 
and immediately stored at -20°C for a few days before duplicate. Serial dilutions of purified recombinant Axl, 
being tested by enzyme-linked immunosorbent assay MerTK or CD 163 proteins were used to construct a 
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standard curve. Blank wells were used to hold 1% BSA. 
For in vitro studies, cell culture supernatants were not di- 
luted, and blank wells received serum-free X-VIVO 15 
medium. Antigens were detected by a secondary biotin- 
conjugated antibody and horseradish peroxidase-conjugated 
streptavidin (BioLegend, San Diego, CA, USA). The plate 
was developed with 3,3', 5,5'-tetramethylbenzidine sub- 
strate. The reaction was stopped with 2 N sulfuric acid. 
Absorbance was detected at 450 nm and read with a refer- 
ence wavelength set at 570 nm using a VersaMAX ELISA 
microplate reader (Molecular Devices, Sunnyvale, CA, 
USA). The optical density for each point was the average 
of duplicate samples. Concentrations were determined 
using SoftMax software (Molecular Devices) by applying 
four-parameter logistic regression to the standard curve. 
For sAxl quantitation, we used a mouse monoclonal anti- 
Axl Ab (clone 108724; R&D Systems) for capture, recom- 
binant human Axl (R&D Systems) for the standard curve 
and a biotinylated goat polyclonal anti-Axl Ab (R&D Sys- 
tems) for detection. For sMer quantitation, we used the 
Human Total Mer DuoSet IC (DYC891; R&D Systems) 
according to the manufacturers instructions. For sCD163 
quantitation in plasma samples, we used the Human 
CD163 Quantikine ELISA Kit (DC1630; R&D Systems) 
according to the manufacturers instructions. For sCD163 
quantitation in supernatants, we used a mouse monoclo- 
nal anti-CD163 Ab (clone EDHu-1; Novus Biologicals) for 
capture, recombinant human CD 163 (R&D Systems) for 
the standard curve and a biotinylated goat polyclonal anti- 
CD163 Ab (R&D Systems) for detection. 

Flow cytometry 

Membrane expression levels of Axl, MerTK and CD 163 
were measured in cultured monocytes after being washed 
in buffer containing 2% BSA. Monocytes were gated on 
the basis of forward and side light scatter and by using a 
phycoerythrin/cyanin 7 (PE/Cy7)-conjugated anti-CD14 
antibody (BioLegend). The following mouse monoclonal 
antibodies were used for detection: PE-conjugated anti- 
MerTK (clone 125518; R&D Systems), PE-conjugated 
anti-Axl (clone 108724; R&D Systems) and allophycocya- 
nin (APC) -conjugated anti-CD163 (clone GHI/61; BioLe- 
gend). Expression levels were evaluated using appropriate 
PE-labeled and APC-labeled isotype controls (BioLegend). 
Cells were analyzed using a FACSCalibur flow cytometer 
(BD Biosciences, San Jose, CA, USA) and Flowjo software 
(Tree Star, Ashland, OR, USA). 

Statistical analysis 

Data are expressed as means ± SD. Comparisons of soluble 
receptor levels between patients and matched controls 
or between groups of patients with different labora- 
tory or clinical characteristics were made using the Mann- 
Whitney U test. Correlations between soluble receptor 



levels and other continuous laboratory data were ana- 
lyzed using Spearmans rank correlation coefficient. 
Correlations of soluble receptor levels with the weighted 
scales of SLEDAI and the total BILAG index were 
made using Pearsons correlation coefficient. Compari- 
sons in soluble receptor levels among patients with 
inactive, moderately active or very active SLEDAI 
scores were made using one-way analysis of variance 
(ANOVA) with the Newman-Keuls multiple compari- 
son test. For in vitro studies, differences between cell 
treatment groups were calculated using a paired Stu- 
dents ^-test or one-way repeated-measures ANOVA 
(Newman-Keuls post hoc analysis) when more than 
two treatment groups were compared. Prism software 
(GraphPad Software, La Jolla, CA, USA) was employed 
for all analyses and graphing. A P value <0.05 was consid- 
ered statistically significant. 

Results 

Plasma concentrations of sMer are increased in discrete 
SLE patient subsets compared to matched healthy 
controls 

We compared plasma levels of sAxl and sMer in 45 SLE 
patients and 45 age-, gender- and ethnicity- matched 
normal controls. No significant differences were ob- 
served between the two whole groups for either sAxl 
(27.21 ±13.51 ng/ml vs. 28.56 ± 13.52 ng/ml) or sMer 
(15.68 ±8.15 ng/ml vs. 13.30 ±4.36 ng/ml) (Figure lA). 
However, by subdividing patients with active disease 
(SLEDAI score >6) from those in remission (SLEDAI <6), 
we were able to note higher levels of sMer in the circula- 
tion of active patients compared to matched healthy indi- 
viduals (16.67 ±10.35 ng/ml vs 11.80 ±4.04 ng/ml, 
respectively), although full statistical significance was not 
reached (P = 0.0532) (Figure lA). Similarly, sMer concen- 
trations were higher in patients with active renal dis- 
ease (according to BILAG renal score) than in matched 
controls (21.53 ± 12.31 ng/ml vs. 13.51 ±3.21 ng/ml; 
P = 0.0537) (Figure IB). Significant increases in sMer 
levels compared to healthy controls were observed in 
patients with antibody positivity for anti-dsDNA (21.70 ± 
8.36 ng/ml vs. 13.68 ±4.08 ng/ml; P = 0.0391) (Figure IC) 
and anti-Sjogrens syndrome antigen A/Ro 60 kDa (SSA/ 
Ro60) (17.64 ±6.05 ng/ml vs. 11.86 ±3.84 ng/ml; 
P - 0.0137) (Figure ID). For sAxl, no differences were noted 
between the subsets of patients and matched controls, ex- 
cept for a trend toward higher levels in the circulation of 
anti-dsDNA-positive patients (31.64 ± 10.22 ng/ml vs. 
25.05 ± 11.85 ng/ml; P = 0.0547) (Figure IC). No differences 
were noted in plasma levels of sMer and sAxl compared 
to matched controls when considering patients with anti- 
phospholipid antibodies (Figure IE) or other anti-ENA 
autoantibodies or in patients with active hematological or 
vascular active disease (not shown). 
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Figure 1 Plasma levels of soluble Mer are increased in discrete subsets of systemic lupus erythematosus patients. Levels of soluble Mer 
(sMer) or soluble Axl (sAxI) of 45 patients (pts) and 45 healthy controls (ctrls) were measured and compared by considering the whole groups 
(A) or by dividing patients and matched controls into subgroups according to disease activity (A), organ involvement (B) and autoantibody 
specificities (C, D and E). aCL, anticardiolipin immunoglobulin G; aDNA, anti-double-stranded DNA; aRo60, anti-Sjogren's syndrome antigen 
A/Ro 60 KDa; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index. 



sAxI and sMer levels are associated with organ 
involvement, but only sMer correlates with SLE activity 

We examined the entire cohort of 107 matched and 
unmatched SLE samples to look for potential differences 
in sAxl and sMer levels among patients according to 
organ involvement, laboratory parameters and clinical 
indices of lupus disease activity. We found that plasma 
concentrations of both sAxl and sMer were higher in pa- 
tients with stable or active BILAG hematological in- 
volvement (that is, whose BILAG score was not zero) 
compared to patients with inactive or no hematological 
involvement (sAxl: 34.20 ± 12.72 vs 27.61 ± 10.62 ng/ml, 
P = 0.0057. sMer: 19.18 ± 7.85 vs. 13.92 ± 5.97 ng/ml, 
P = 0.0002) (Figure 2A), as well as in patients with stable 
or active BILAG renal involvement compared to pa- 
tients with inactive or no renal involvement (sAxl: 35.75 ± 
13.58 vs. 28.79 ± 10.99, P = 0.0115. sMer: 21.80 ± 11.33 vs. 
15.42 ± 6.96 ng/ml, P = 0.0240) (Figure 2B). Concentrations 



of sMer levels, but not sAxl, directly correlated with BILAG 
total score (r = 0.20; P = 0.0387) (Figure 2C). 

In fact, only for sMer did we find strong associations 
with lupus disease activity markers. Circulating levels 
of sMer were inversely correlated with C3 (r = -0.27; 
P = 0.0049) (Figure 3A) and C4 values (r = -0.25; P = 
0.0053) (Figure 3B), whereas sAxl levels had only bor- 
derline relations with lower C3 levels (r=-0.17; P = 
0.0840) (Figure 3A). In accord with these data, signifi- 
cantly higher levels of sMer were found in patients with a 
clear-cut reduction in C3 (22.24 ± 9.30 ng/ml vs. 14.79 ± 
6.10 ng/ml; P = 0.0010 (not shown)) or in C4 (18.70 ± 
7.91 ng/ml vs. 14.48 ± 6.32 ng/ml; P = 0.0029) (Figure 3C) 
according to our laboratory cutoff values (C3 <86 mg/dl 
and C4 <16 mg/dl). A less marked difference in sAxl 
values was noted between patients with low or normal 
C3 levels (36.76 ±15.10 ng/ml vs. 28.99 ± 10.78 ng/ml; 
P = 0.0397 (not shown)), whereas no difference was 
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Figure 2 Soluble Axl and soluble Mer levels are associated with British Isles Lupus Assessment Group index hematological and renal 
involvement and soluble Mer is also associated with total BILAG score. Levels of soluble Axl (sAxI) or soluble Mer (sMer) were measured in 
107 matched and unmatched patients and compared according to active and/or stable (BILAG score >1) or inactive and/or absent (BILAG = 0) 
organ involvement (A) and (B). Associations with total BILAG score were then calculated (C). BILAG, British Isles Lupus Assessment Group index; 
hematol, hematological.^^ < 0.05; < 0.01 ; < 0.001 ; n.s., not significant. 



observed between patients with low or normal C4 levels 
(32.19 ± 12,83 ng/ml vs. 29.14 ± 11.21 ng/ml) (Figure 3C). 
Moreover, levels of sMer, but not of sAxl, were directly 
correlated with titers of circulating anti-dsDNA autoanti- 
bodies (r = 0.29; P = 0.0032) (Figure 3D). Circulating levels 
of sMer showed a strong direct correlation with SLEDAI 
scores (r = 0.34; P = 0.0004) (Figure 3E), whereas only a 
trend could be detected for sAxl (r = 0.17; P = 0.0745). 
Accordingly, patients with very active disease (SLEDAI 
score >9) showed the highest levels of sMer in the circula- 
tion (20.88 ± 10.47 ng/ml), which was significantly differ- 
ent compared to patients with low or moderate disease 
activity (15.32 ± 7.08 ng/ml; P< 0.05) and even more sig- 
nificantly different from patients in complete remission 
(SLEDAI score <3, 14.74 ± 4.20 ng/ml; P < 0.01). No sig- 
nificant differences in sAxl levels were observed among 
these subsets of patients (Figure 3F). 

sAxI and sMer levels are associated with production of 
autoantibodies, but only sMer relates to lupus-specific 
autoimmunity 

Both sAxl and sMer were associated with the presence 
of circulating autoantibodies against nuclear material 
and phospholipids. Plasma concentrations of sAxl and 
sMer were higher in patients positive for antichromatin 
(sAxl: 35.28 ±13.33 ng/ml vs. 27.74 ±10.26 ng/ml; P = 
0.0018. sMer: 19.41 ± 8.87 ng/ml vs. 14.26 ±5.51 ng/ml; 
P = 0.0015) (Figure 4A) and anticardiolipin antibodies 



(sAxl: 33.92 ±13.18 ng/ml vs. 28.42 ± 10.88 ng/ml; P = 
0.0462. sMer: 18.27 ± 8.01 ng/ml vs. 14.83 ± 6.78 ng/ml; P 
= 0.0234) (Figure 4B). sAxl levels also correlated with 
lupus anticoagulant (LAC) positivity (36.36 ± 9.51 ng/ml 
vs. 29.19 ± 11.60 ng/ml; P = 0.0109) (Figure 4C). Neverthe- 
less, only sMer levels were significantly higher in the pres- 
ence of lupus-specific autoantibodies, such as anti-dsDNA 
(18.86 ±7.78 ng/ml vs. 14.86 ± 6.65 ng/ml; P = 0.0092) 
(Figure 4D), anti-Smith (anti-Sm) (20.98 ± 9.40 ng/ml vs. 
14.81 ±6.08 ng/ml; P = 0.0064) (Figure 4E), antiribonu- 
cleoprotein (anti-RNP) (20.39 ±9.52 ng/ml vs. 14.81 ± 
6.01 ng/ml; P = 0.0070) (Figure 4F) and anti-Ro/SSA 
(18.42 ±7.78 ng/ml vs. 14.40 ± 6.33 ng/ml; P = 0.0041) 
(Figure 4G). In particular, sMer levels were increased in 
patients positive for anti-Ro60 (19.19 ± 7.77 ng/ml vs. 
14.23 ±6.23 ng/ml; P = 0.0004), but not for anti-Ro 
52 kDa autoantibodies (Figure 4G) and more specifically 
in those without concomitant positivity of anti-La/ 
Sjogren's syndrome antigen B (anti-La/SSB; 21.27 ± 
9.08 ng/ml in patients with anti-Ro60 alone {P = 0.0006) vs. 
16.58 ng/ml ± 4.85 ng/ml in patients positive for 
both anti-Ro60 and anti-La (P = 0.0575); not shown). 
A trend toward higher plasma levels of sAxl was 
observed in anti-dsDNA-positive patients (33.50 ± 
12.47 ng/ml vs. 29.00 ± 11.44 ng/ml; P = 0.0535) (Figure 4D), 
whereas no difference could be detected in sAxl 
levels on the basis of anti-ENA autoantibody positivity 
(not shown). 
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Figure 3 Plasma levels of soluble Mer, but not soluble Axl, are closely associated with disease activity. Levels of soluble Axl (sAxI) and 
soluble Mer (sMer) were analyzed according to levels of complement fraction 3 (C3) (A) and C4 (B) and (C), circulating titers of anti-double- 
stranded DNA (anti-dsDNA) antibodies (D) and SLEDAI scores (E) and (F). SLEDAI, Systemic Lupus Erythematosus Disease Activity Index. 0.05; 
**P< 0.01; ***P< 0.001; n.s., not significant. 



Concentrations of sAxI and sMer are differentially 
correlated with levels of Gas6 and ProS 

Correlation between sAxl and sMer plasma levels did 
not reach full statistical significance in SLE patients 
(r = 0.18; P = 0.0675) (Figure 5A). We found significant 
correlations between concentrations of sAxl and sMer, 
as well as plasma levels of their ligands Gas6 and free 
ProS, previously measured in the same cohort [24]. 



However, sAxl and sMer correlated differently with Gas6 
and ProS. sAxl was directly correlated with Gas6 levels (r 
= +0.31; P = 0.0011) (Figure 5B), but sMer was inversely 
correlated with free ProS levels (r = -0.26; P = 0.0088). Ac- 
cordingly, a significant difference in concentrations of Axl, 
but not of sMer, was found between patients with high vs. 
low Gas6 levels (32.86 ± 11.33 ng/ml vs. 27.33 ± 11.95 ng/ 
ml; P = 0.0050) (Figure 5D), whereas a significant difference 
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Figure 4 Plasma levels of soluble Mer, but not soluble Axl, correlated with lupus autoantibody specificities. Levels of soluble Axl (sAxI) 
and soluble Mer (sMer) were analyzed according to the presence or absence of the following antibodies: antichromatin (achrom) (A), 
anticardiolipin immunoglobulin G (IgG) (aCL) (B), lupus anticoagulant (LAC) (C), anti-double-stranded DNA (adsDNA) (D), anti-Smith (aSm) (E), 
antiribonucleoprotein (aRNP) (F), anti-Sjogren's syndrome antigen A (SSA)/Ro 52 and 60 KDa (aRo52 and aRo60) and anti-Sjogren's syndrome 
antigen B (SSB)/La (G). *P < 0.05; **P < 0.01 ; **''P < 0.001 . 



in the concentrations of sMer, but not of sAxl, was found 
between patients with high or low free ProS (13.64 ± 
5.43 ng/ml vs. 17.21 ±6.68 ng/ml; P = 0.0021) (Figure 5E). 
Cutoff values of Gas6 and free ProS (16.5 ng/ml and 
6.5 jig/ml, respectively) were established according to their 
mean values among patients and matched healthy controls 
(Table 1). In healthy controls, we failed to find significant 
correlations (not shown). 

sMer is an M2c activation marker, whereas sAxI is a type-! 
IFN stimulation marker 

We investigated whether the release of sMer and sAxl 
was related to discrete immunological phenotypes of 
monocytes/macrophages. For this purpose, we measured 



concentrations of sMer and sAxl in supernatants of 
monocytes/macrophages cultured in the presence of 
medium alone (MO), IFN-y or GM-CSF (Ml), IL-17 (M17), 
IL-4 (M2a), IL-10, M-CSF, M-CSF plus IL-10, or glucocorti- 
coids (M2c), transforming growth factor |3 (TGF-|3) and 
combinations of M2 cytokines such as TGF-(3 plus IL-4 or 
IL-4 plus IL-10 (other M2 activation states). 

We found that sMer was abundantly released by M2c 
cells, driven by M-CSF plus IL-10 or by glucocorticoids 
(dexamethasone). A slight decrease in sMer levels was 
noted in the supernatants of Ml cells, driven by IFN-y 
(Figure 6A). By contrast, concentrations of sAxl were not 
significantly influenced by either Ml or M2 polarization 
(Figure 6B). 
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Figure 5 Plasma levels of soluble Axl correlated with growth arrest-specific 6, but soluble Mer correlated with reduced free Protein S. 

Levels of soluble Axl (sAxI) and soluble Mer (sMer) were related to each other (A) and to Tyro3, Axl and MerTK (JAM) receptor ligands growth 
arrest-specific 6 (Gas6) and free Protein S (ProS) (B, C, D, and E). Cutoff values of Gas6 (ng/ml) and ProS (pg/ml) were established by considering 
mean values in patients and controls (Table 1). **P< 0.01; n.s., not significant. 



In 40 consecutive SLE patients, we looked for potential 
relations between either sMer or sAxl levels and plasma 
concentrations of sCD163, a well-known marker of 
M2c cell activation. In accord with the in vitro data, 
we found that circulating levels of sMer were strongly 
associated with plasma concentrations of sCD163 (r = 0.50; 
P = 0.0011) (Figure 6C), whereas no significant correlation 
was observed between sAxl and sCD163 levels (r = +0.17; 
P = 0.2978) (Figure 6D). Levels of sCD163 were associated 
with positivity of antichromatin autoantibodies (988.22 ng/ 
ml ±299.05 ng/ml vs. 747.34 ng/ml ±300.38 ng/ml; P = 
0.0255) (Figure 6E), and, as observed for sMer, correlated 
with lupus disease activity as assessed by SLEDAI score 
(r = 0.35; P = 0.0257) (Figure 6F). 

Because SLE is characterized by the so-called "inter- 
feron signature" [25,26], we subsequently examined the 
role of type I IFNs in regulating the release of sAxl, sMer 
and sCD163 and looked at the effects of combining type 
I IFNs (IFN-a and IFN-|3) with macrophage growth fac- 
tors (M-CSF and GM-CSF) and/or with M2c polariz- 
ing agents (IL-10 or dexamethasone). Ectodomain 



shedding of membrane receptors and consequent re- 
lease of soluble receptors was triggered by using low 
doses of LPS. 

Release appeared to be moderately enhanced in the 
presence of LPS alone, although no statistically signifi- 
cant difference was reached (Figure 7 A to C). Levels of 
sMer and sCD163 were confirmed to be highest upon 
exposure to M2c polarizing stimuli. M-CSF was required 
in combination with IL-10 to enhance sMer production, 
but it was not required for s CD 163. Stimulation with ei- 
ther IFN-a or IFN-p alone failed to exert significant effects 
on either sMer or sCD163 levels (Figures 7A and B). 

By contrast, both IFN-a and IFN-|3 were found to 
stimulate significant production of sAxl, with IFN-|3 
stimulating the highest levels. The addition of M-CSF or 
GM-CSF enhanced IFN-a effects, although the differ- 
ences did not reach full statistical significance. Stimula- 
tion with M2c agents alone did not influence sAxl 
production (Figure 7C). 

Combining M2c polarizing conditions (M-CSF plus 
IL-10) with IFN-a exposure had variable effects. IFN-a 
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Figure 6 Soluble Mer is released by IVI2c monocytes/macrophages and correlates with circulating levels of soluble CD163 in systemic 
lupus erythematosus, and soluble CD163, like soluble Mer, correlates with Systemic Lupus Erythematosus Disease Activity Index score. 

Levels of soluble Mer (sMer) (A) and soluble Axl (sAxI) (B) were measured in supernatants of monocytes/macrophages cultured for 3 days in the 
presence of medium alone (resting MO), interferon y (IFN-y), granulocyte macrophage colony-stimulating factor (GM-CSF), interleukin 17 (IL-17) 
(classically activated and/or proinflammatory Ml and Ml 7), IL-4, transforming growth factor (3 (TGF-(3), IL-10, macrophage colony-stimulating factor 
(M-CSF), dexamethasone (Dex), alone or in combination (alternatively activated and/or regulatory M2a and M2c cells). In 40 consecutive patients in our 
cohort, potential correlations between plasma levels of sMer (C) or sAxI (D) and soluble CD163 (sCD163) were examined. Levels of sCD163 were also 
analyzed according to circulating autoantibodies (E) and disease activity (F). achrom., antichromatin; SLEDAI, Systemic Lupus Erythematosus Disease 
Activity Index. *P < 0.05; < 0.01 ; n.s., not significant. 



reduced sMer production induced by M-CSF plus IL-10 
(Figure 7A). Conversely, M-CSF plus IL-10 enhanced 
sAxl production induced by IFN-a (Figure 7B). IFN-a 
neutralized the modulatory effect of M-CSF on sCD163 
production induced by IL-10 (Figure 7C). 

Release of soluble ectodomains mirrored membrane ex- 
pression patterns of the respective receptors MerTK, Axl 
and CD 163 in the absence of LPS. M-CSF, IL-10 and 
dexamethasone induced MerTK and CD 163 expression, 
and IFN-a stimulated Axl expression. Furthermore, IFN-a 
reduced MerTK upregulation driven by M-CSF plus IL- 
10, whereas M-CSF plus IL-10 enhanced Axl upregulation 
driven by IFN-a. IFN-a neutralized the modulatory effect 
of M-CSF on CD 163 upregulation driven by IL-10. Con- 
sistent with its role as a sheddase agonist [17,19,20,27], 
LPS decreased surface expression of MerTK and CD 163 
induced by M-CSF, IL-10 and dexamethasone, as well as 
surface expression of Axl induced by IFN-a (Figure 7D). 



Discussion 

SLE is characterized by impaired macrophage phagocyt- 
osis of ACs [1], delayed and proinflammatory AC clear- 
ance [2,3] and increased cellular expression of the type I 
IFN-inducible gene spectrum: the so-called IFN "signature" 
[25,26]. All these events reflect and contribute to aber- 
rant stimulation of innate immunity. The family of 
the TAMRs acts to impede such events, thereby pre- 
venting systemic autoimmunity. In particular, MerTK 
is key to efficient clearance of early ACs and to 
macrophage production of anti-inflammatory cyto- 
kines [9-14], and Axl is primarily involved in feed- 
back pathways controlling type I IFN-mediated innate 
immune activation [15-17]. In the present study, we 
analyzed the levels of sAxl and sMer receptors in the 
circulation of SLE patients and investigated potential 
relations with the clinical, laboratory and immuno- 
logical aspects of the disease. 
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Figure 7 Interferon a/p is required for production of soluble Axl, and combining IVI2c polarizing conditions with type I interferon 
exposure inhibits soluble Mer production and enhances soluble Axl release. Levels of soluble Mer (sMer) (A), soluble CD163 (sCD163) 
(B) and soluble Axl (sAxI) (C) were measured in supernatants of monocytes/macrophages cultured for 3 days in the presence or absence of type I 
interferons (IFN-a or IFN-(3), macrophage growth factors (macrophage colony-stimulating factor (M-CSF) or granulocyte macrophage colony-stimulating 
factor (GM-CSF)), M2c polarizing agents (interleukin 10 (IL-10) or dexamethasone) or combinations of these. On day 2, low doses of lipopolysaccharide 
(LPS) were added for an additional 24 hours to stimulate ectodomain shedding of membrane receptors. Surface expression levels of Mer receptor 
tyrosine kinase (MerTK), Axl and GDI 63 were measured by flow cytometry (D). Numbers shown in (D) refer to mean fluorescence intensity values. 
Data are representative of three independent experiments. Dex, dexamethasone. ""PkO.OS; """"PkOD]; *''''P< 0.001; ''*''''P< 0.0001. 



We found that increased levels of both sMer and sAxl 
are associated with general traits of systemic immunity, 
such as antinuclear and antiphospholipid autoantibody 
positivity. Additionally, both correlated with hematologic 
and renal involvement. Nevertheless, we found that 
sMer, but not sAxl, was significantly associated with 
lupus-specific humoral autoimmune responses, which 
were characterized by production of anti-dsDNA, anti- 
Sm, anti-RNP and anti-Ro60 autoantibodies. Remark- 
ably, only sMer showed strong correlations with disease 
activity indices, such as C3 and C4 reduction, circulating 
titers of anti-dsDNA and SLEDAI and total BILAG 
scores. Compared to matched healthy controls, plasma 
levels of sMer, but not sAxl, were found to be higher 
in patients with active lupus (SLEDAI score >6), active 
BILAG renal score and anti-dsDNA and anti-Ro60 positiv- 
ity. The highest values of sMer were observed in patients 
with very active lupus (SLEDAI score >9). Differences 
between sAxl and sMer also included relations with their 
ligands, Gas6 and ProS. In particular, sAxl directly 
correlated with Gas6 levels, whereas sMer correlated with 
reduced levels of free ProS. Notably, we found that sAxl 
and sMer were produced by different immune phenotypes 
of monocytes/macrophages. sAxl release was induced in 
the presence of either IFN-a or IFN-p, and sMer was re- 
leased by M2c differentiated cells, similarly to what we ob- 
served for sCD163, a well-known marker of M2 activation. 
In fact, concentrations of sMer in the circulation of lupus 
patients directly correlated with plasma levels of sCD163, 
and sCD163, similarly to sMer, significantly correlated with 
disease activity. Combining type I IFN exposure with M2c 
polarizing conditions reduced M2c-driven sMer produc- 
tion while increasing IFN-a-induced sAxl release. The 
prototypical T-helper cytokines IFN-y, IL-4 and IL-17 did 
not exert significant influences on either sAxl or sMer 
production. 

To the best of our knowledge, herein we describe for 
the first time sMer as a biomarker of M2c activation, in 
parallel with sCD163. We confirmed the correlation be- 
tween SLEDAI scores and plasma levels of sMer re- 
ported by Wu et al [28] and Recarte-Pelz et al [29]. We 
also have shown a direct correlation of sMer with 
sCD163 levels and a significant correlation between 



SLEDAI and sCD163 levels. Our data strongly suggest a 
strict relation between SLE activity and M2c homeosta- 
sis, in agreement with recent data from Nakayama et al. 
showing sCD163 associations with anti-dsDNA positivity 
and leukopenia [30]. Similarities between sMer and 
sCD163, with regard to their expression patterns and 
their associations in SLE, are consistent with the fact 
that their respective membrane receptors MerTK and 
CD 163 are both upregulated on the surface of regulatory 
M2c monocytes/macrophages [9]. Both are cleaved by 
the same metalloproteinase, ADAM- 17 [20,27], in con- 
trast to sAxl, which is cleaved by ADAM- 10 [18]. Both 
MerTK and CD 163 serve to trigger IL-10 release from 
M2c cells [9,31], and both protect macrophages from oxi- 
dative stress and subsequent apoptosis induced by hydro- 
gen peroxide, oxidized lipoproteins or iron-containing 
heme [32-34]. 

The biological significance of sMer and sCD163 in SLE 
can be construed as due to at least two mechanisms. Cor- 
relations of sMer and sCD163 with SLE activity may indi- 
cate a compensatory increase in M2c activation and 
turnover of monocytes and/or macrophages, with the aim 
of promoting efferocytosis and immune regulation in re- 
sponse to the still poorly defined inflammatory triggers 
and to the increased rates of apoptosis. Alternatively, ex- 
cess ectodomain shedding of MerTK and CD 163 by 
ADAM- 17 may account for a functional impairment of 
M2c monocytes/macrophages and could itself contribute 
to chronic inflammation, defective clearance of early ACs 
and autoimmunity. It is known, in fact, that TAMR- 
knockout mice develop hyperreactive immune responses 
and severe lymphoproliferation [11,35]. In particular, dis- 
rupted MerTK expression is associated with a SLE-like 
syndrome in mice [36], and gene polymorphisms of 
MerTK and Gas6 are associated with clinical manifesta- 
tions in SLE patients [37,38]. Besides gene defects and 
polymorphisms, posttranslation inhibition of these mo- 
lecular pathways through ectodomain shedding may affect 
efferocytosis and regulatory responses [19], thus favoring 
accumulation of AC-derived autoantigens. ADAM metal- 
loproteinases are, in fact, activated upon multiple condi- 
tions, including infections, oxidative stress and paracrine 
signals [18-20,27,39-42]. Of note, ADAM-17 is also 
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known to cleave and inhibit the membrane receptor 
for M-CSF [43], which is needed for complete M2c dif- 
ferentiation [9]. Besides its crucial role in promoting 
macrophage release of major proinflammatory mediators, 
including TNF-a and IL-6 [40], ADAM-17 may thus exert 
its proinflammatory effects by interfering with differenti- 
ation and activity of regulatory M2c macrophages. From 
this perspective, impeding ectodomain shedding by the 
use of safe and selective ADAM inhibitors might help to 
restore macrophage homeostasis in SLE [44]. 

Cleavage of Axl into sAxl may in turn alter the 
homeostatic mechanisms regulating TLR-mediated acti- 
vation [15,16], thus resulting in exaggerated production 
of IFN-a in response to AC-derived autoantigens. Excess 
activation of TLR/IFN pathways may ultimately lead to 
dendritic cefl maturation, presentation of autoantigens 
to autoreactive T ceUs, chronic B-ceU activation, oligo- 
clonal expansion of plasmablasts and production of 
autoantibodies [26]. In addition, both sMer and sAxl are 
able to sequester the ligand Gas6 [18,19,45], thus inter- 
fering with membrane TAMR-induced regulatory signal- 
ing. Contrary to Ekman et al [46], however, we could 
not confirm a significant association between SLEDAI 
scores and plasma levels of sAxl. Simflarly, Recarte-Pelz 
et al [29] fafled to find such an association. The discrep- 
ancy might be due to differences between patient popu- 
lations or to the use of different detection reagents. The 
same ELISA kit (R&D Systems) was used by Wu et al 
[28], Recarte-Pelz et al [29] and our laboratory for de- 
tection of sMer in SLE patients. For sAxl, instead, 
Ekman et al [46] used an ELISA type developed in their 
laboratory, whereas we and Recarte-Pelz Qt al [29] used 
the same commercially avaflable anti-Axl detection anti- 
body (R&D Systems). The weaker association with SLE 
activity of sAxl compared to sMer suggests a more indir- 
ect role of sAxl in SLE pathogenesis. Whereas the cleav- 
age of MerTK may be critical for the accumulation of 
AC-derived autoantigens and production of pathogenic 
lupus -specific autoantibodies, the cleavage of Axl could 
be more generally related to uninhibited TLR activation 
and production of IFN-a/ p and other proinflammatory 
cytokines. Consistent with this view, sAxl, but not sMer, 
was found to be increased in nonautoimmune inflamma- 
tory diseases such as critical limb ischemia [28,47]. 

Among lupus-specific autoantibodies, sMer levels 
showed the strongest association with anti-Ro60 anti- 
bodies, particularly in the absence of a concomitant 
anti-La positivity. No association was found with anti- 
Ro52 antibodies. In fact, serum positivity for anti-Ro60 
best discriminated patients with significantly higher 
levels of sMer compared to matched healthy controls. It 
is noteworthy that Ro60 is translocated to the cell sur- 
face of ACs during early apoptosis independently of La 
and Ro52 [48]. Autoantibodies against surface-exposed 



Ro epitopes are specific for a subset of SLE patients 
showing positivity of anti-Ro60 without anti-La, whereas 
double-positivity of anti-Ro60 and anti-La is consequent 
to intermolecular spreading from Ro to La, in which 
antigens are exposed on late ACs or released from 
necrotic ACs [48]. Anti-Ro52 antibodies are instead more 
prevalent in conditions other than SLE, such as primary 
Sjogren's syndrome and idiopathic inflammatory myop- 
athies [49]. Because production of anti-Ro60 antibodies 
represents a lupus-specific humoral autoimmune response 
against early ACs [48] and MerTK is specifically required 
for M2c macrophage phagocytosis of early ACs [9], the 
strong association that we found between anti-Ro60 
and sMer in SLE patients might reflect a compensa- 
tory increase in M2c activation of monocytes and/or 
macrophages to enhance the clearance of early ACs by 
MerTK. Alternatively, the accumulation of early ACs fos- 
tering anti-Ro60 production might be itself a consequence 
of excess ectodomain shedding of MerTK, which would 
interfere with the clearance efficiency of M2c cells. The 
latter hypothesis suggests a putative role for the cleavage 
of MerTK in SLE pathogenesis, at least in a subgroup of 
anti-Ro60-positive patients. 

Our data pertaining to the relation of sAxl and sMer to 
Gas6 and ProS levels are consistent with previous data on 
receptor-ligand binding affinity. Correlation between sAxl 
and Gas6 is in fact consistent with the tenfold higher bind- 
ing affinity of Gas6 to Axl than to MerTK [50], as well as 
with the previous finding that Gas6 is primarily complexed 
with sAxl in human blood [45]. Correlation between sMer 
and reduced free ProS levels is consistent with the fact that 
ProS binds to MerTK [50], whereas no connection be- 
tween ProS and Axl has been demonstrated to date. ProS 
serves as the main bridging molecule between phosphati- 
dylserine on ACs and MerTK on the surface of human 
monocytes and/or macrophages [8]; however, whether 
sMer binds to ProS remains to be established. ProS needs 
to oligomerize to bind to Mer by interacting with other 
molecules of ProS on phosphatidylserine-containing 
surfaces [51]. Intriguingly, ProS is also able to bind to 
microparticles, besides ACs [52]. Plasma microparticles 
and/or circulating ACs may therefore serve as a scaffold 
for ProS oligomerization in circulation. In SLE, levels of 
microparticles increase with disease activity [53], 
whereas levels of free ProS decrease with disease activ- 
ity [24]. It is tempting to speculate that, in active SLE 
patients, ProS may bind to microparticles, thus provok- 
ing reduction in free ProS levels, ProS oligomerization 
and potential formation of ProS-sMer complexes. In 
support of this view, it has been shown that HIV- 
infected patients also show reduced free ProS levels, 
and this reduction has been related to ProS binding to 
circulating microparticles [54]. Further investigation is 
needed to address this hypothesis. 
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Conclusions 

sMer and sCD163 are valuable biomarkers of M2c acti- 
vation and disease activity in SLE. Increased levels of 
sMer in SLE are also associated with lower levels of free 
ProS and lupus-specific humoral immune response. sAxl 
is associated with type I IFN stimulation, correlates with 
Gas6 levels and shows minor associations with SLE activ- 
ity and autoimmunity. Our data suggest a link between 
homeostasis of efferocytic and anti- inflammatory M2c 
(CD 163^ and MerTK^) monocytes/macrophages and the 
pathogenesis of human SLE. 

Abbreviations 

AC: Apoptotic cell; ADAM: A disintegrase and metalloproteinase; 

APC: Allophycocyanin; BILAG: British Isles Lupus Assessment Group Index; 

BSA: Bovine serum albumin; CD: Cluster of differentiation; 

Dex: Dexamethasone; ELISA: Enzyme-linked immunosorbent assay; 

GM-CSF: Granulocyte macrophage colony-stimulating factor; 

HRP: Horseradish peroxidase; IFN: Interferon; IL: Interleukin; 

LPS: Lipopolysaccharide; M-CSF: Macrophage colony-stimulating factor; 

PBS: Phosphate-buffered saline; PE: Phycoerythrin; PE/Cy7: Phycoerythrin with 

cyanin 7; PMA: Phorbol 12-myristate 13-acetate; ProS: Protein S; sAXL: Soluble 

AXL; SCD163: Soluble CD163; SLE: Systemic lupus erythematosus; 

SLEDAI: Systemic Lupus Erythematosus Disease Activity Index; sMER: Soluble 

Mer; TAMR: TyroS/AXLyMer receptor family; TLR: Toll-like receptor; TNF-a: Tumor 

necrosis factor a. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

GZ contributed to the conception and design of the study; performed 
experiments; collected, analyzed and interpreted data; and wrote the 
manuscript. JG and LMD performed experiments and collected data. JTM 
provided plasma samples and clinical characterization of the Oklahoma 
Cohort for Rheumatic Diseases. PLC conceived, designed and coordinated 
the study; interpreted data; and critically revised the manuscript. All authors 
approved the final version of the manuscript. 

Acknowledgements 

This work was supported by National Institute of Allergy and Infectious 
Diseases (NIAID) grant 5U19AI082726 (Philadelphia Autoimmunity Center of 
Excellence), by a bequest from Alberta C Wicks and by the Judith Shockman 
Memorial Fund. 

Author details 

^Section of Rheumatology, Department of Medicine, Temple University 
School of Medicine, 3322 N Broad Street, Philadelphia, PA 19140, USA. 
^Temple Autoimmunity Center, Temple University School of Medicine, 
3500 N Broad Street, Philadelphia, PA 19140, USA. ^Oklahoma Medical 
Research Foundation, 825 NE 13th Street, Oklahoma City, OK 73104, USA. 

Received: 1 July 2013 Accepted: 27 November 2013 
Published: 10 December 2013 

References 

1. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden JR: 
Impaired phagocytosis of apoptotic cell material by monocyte-derived 
macrophages from patients with systemic lupus erythematosus. 
Arthritis Rheum 1998, 41:1241-1250. 

2. Munoz LE, Lauber K, Schiller M, Manfredi AA, Herrmann M: The role of 
defective clearance of apoptotic cells in systemic autoimmunity, Nat Rev 
Rheumatol 2010, 6:280-289. 

3. Shao WH, Cohen PL: Disturbances of apoptotic cell clearance in systemic 
lupus erythematosus. Arthritis Res Ther 201 1, 13:202. 

4. Wu X, Molinaro C, Johnson N, Casiano CA: Secondary necrosis is a source 
of proteolytically modified forms of specific intracellular autoantigens: 



implications for systemic autoimmunity. /Irr/ir/T/s /?/ieL/m 2001, 
44:2642-2652. 

5. Vanden Berghe T, Vanlangenakker N, Parthoens E, Deckers W, Devos M, 
Festjens N, Guerin CJ, Brunk UT, Declercq W, Vandenabeele P: Necroptosis, 
necrosis and secondary necrosis converge on similar cellular 
disintegration features. Cell Death Differ 2010, 17:922-930. 

6. Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I: 
Immunosuppressive effects of apoptotic cells. Nature 1997, 390:350-351. 

7. Xu W, Roos A, Schlagwein N, Woltman AM, Daha MR, van Kooten C: IL-10- 
producing macrophages preferentially clear early apoptotic cells. Blood 
2006, 107:4930-4937. 

8. McColl A, Bournazos S, Franz S, Perretti M, Morgan BP, Haslett C, Dransfield I: 
Glucocorticoids induce protein S-dependent phagocytosis of apoptotic 
neutrophils by human macrophages. J /mmmo/ 2009, 183:2167-2175. 

9. Zizzo G, Hilliard BA, Monestier M, Cohen PL: Efficient clearance of early 
apoptotic cells by human macrophages requires M2c polarization and 
MerTK induction. J Immunol 2012, 189:3508-3520. 

10. Alciato F, Sainaghi PP, Sola D, Castello L, Avanzi GC: TNF-a, IL-6, and IL-1 
expression is inhibited by Gas6 in monocytes/macrophages. J Leukoc Biol 
2010, 87:869-875. 

11. Camenisch TD, Koller BH, Earp HS, Matsushima GK: A novel receptor 
tyrosine kinase, Mer, inhibits TNF-a production and lipopolysaccharide- 
induced endotoxic shock. J Immunol 1999, 162:3498-3503. 

12. Wallet MA, Flores RR, Wang Y, Yi Z, Kroger CJ, Mathews CE, Earp HS, 
Matsushima G, Wang B, Tisch R: MerTK regulates thymic selection of 
autoreactive T cells. Proc Natl Acad Sci USA 2009, 1 06:481 0-481 5. 

13. Eken C, Martin PJ, Sadallah S, Treves S, Schaller M, Schifferii JA: Ectosomes 
released by polymorphonuclear neutrophils induce a MerTK-dependent 
anti-inflammatory pathway in macrophages. J Biol Chem 2010, 
285:39914-39921. 

1 4. Zizzo G, Cohen PL: IL-1 7 stimulates differentiation of human anti-inflammatory 
macrophages and phagocytosis of apoptotic neutrophils in response to 
IL-10 and glucocorticoids. J Immunol 2013, 190:5237-5246. 

15. Sharif MN, Sosic D, Rothlin CV, Kelly E, Lemke G, Olson EN, Ivashkiv LB: Twist 
mediates suppression of inflammation by type I IFNs and AXL. J Exp Med 
2006, 203:1891-1901. 

16. Rothlin CV, Ghosh S, Zuniga El, Oldstone MB, Lemke G: TAM receptors are 
pleiotropic inhibitors of the innate immune response. Cell 2007, 
131:1124-1136. 

17. Scutera S, Fraone T, Musso T, Cappello P, Rossi S, Pierobon D, Orinska Z, 
Paus R, Bulfone-Paus S, Giovarelli M: Survival and migration of human 
dendritic cells are regulated by an IFN-a-inducible AXL/Gas6 pathway. 
J Immunol 2009, 183:3004-3013. 

18. Wilhelm I, Nagyoszi P, Farkas AE, Couraud PO, Romero lA, Weksler B, 
Fazakas C, Dung NT, Bottka S, Bauer H, Bauer HC, Krizbai lA: Hyperosmotic 
stress induces Axl activation and cleavage in cerebral endothelial 
cells. J Neurochem 2008, 1 07:1 1 6-1 26. 

19. Sather S, Kenyon KD, Lefkowitz JB, Liang X, Varnum BC, Henson PM, 
Graham DK: A soluble form of the Mer receptor tyrosine kinase 
inhibits macrophage clearance of apoptotic cells and platelet 
aggregation. Blood 2007, 109:1026-1033. 

20. Thorp E, Vaisar T, Subramanian M, Mautner L, Blobel C, Tabas I: Shedding of 
the Mer tyrosine kinase receptor is mediated by ADAM17 protein 
through a pathway involving reactive oxygen species, protein kinase C6, 
and p38 mitogen-activated protein kinase (MARK). J Biol Chem 201 1, 
286:33335-33344. 

21. Tan EM, Cohen AS, Fries JF, Masi AT McShane DJ, Rothfield NF, Schaller JG, 
Talal N, Winchester RJ: The 1982 revised criteria for the classification of 
systemic lupus erythematosus. Arthritis Rheum 1982, 25:1271-1277. 

22. Bombardier C, Gladman DD, Urowitz MB, Caron D, Chang CH, Austin A, Bell A, 
Bloch DA, Corey PN, Decker JL, Esdaile J, Fries JF, Ginzler EM, Goldsmith CH, 
Hochberg MC, Jones JV, Riche NGHL, Liang MH, Lockshin MD, Muenz LR, 
Sackett DL, Schur PH: Derivation of the SLEDAI: a disease activity index for 
lupus patients. /\rr/]r/r/s Rheum 1992, 35:630-640. 

23. Hay EM, Bacon PA, Gordon C, Isenberg DA, Maddison P, Snaith ML, 
Symmons DP, Viner N, Zoma A: The BILAG index: a reliable and valid 
instrument for measuring clinical disease activity in systemic lupus 
erythematosus. Q J Med ] 993, 86:447-458. 

24. Suh CH, Hilliard B, Li S, Merrill JT Cohen PL: TAM receptor ligands in lupus: 
protein S but not Gas6 levels reflect disease activity in systemic lupus 
erythematosus. Arthritis Res Ther 2010, 12:R146. 



Zizzo et al. Arthritis Research & Therapy 201 3, 1 5:R21 2 Page 1 5 of 1 5 

http://arthritis-research.conn/content/1 5/6/R21 2 



25. 



26. 



27. 



29. 



30. 



31. 



32. 



33. 



34. 



35. 



36. 



37. 



39. 



40. 



41. 



42. 



43. 



44. 



45. 



Baechler EC, Batliwalla FM, Karypis G, Gaffney PM, Ortmann WA, Espe KJ, 
Shark KB, Grande WJ, Hughes KM, Kapur V, Gregersen PK, Behrens TW: 
Interferon-inducible gene expression signature in peripheral blood cells 
of patients with severe lupus. Proc Natl Acad Sci USA 2003, 1 00:261 0-261 5. 
Banchereau J, Pascual V: Type I interferon in systemic lupus erythematosus 
and other autoimmune diseases. Immunity 2006, 25:383-392. 
Etzerodt A, Maniecki MB, Mailer K, M0ller HJ, Moestrup SK: Tumor necrosis factor 
a-converting enzyme (TACE/ADAI\/117) mediates ectodomain shedding of the 
scavenger receptor CD1 63. J Leukoc Biol 201 0, 88:1 201 -1 205. 
Wu J, Ekman C, Jonsen A, Sturfelt G, Bengtsson AA, Gottsater A, Lindblad B, 
Lindqvist E, Saxne T, Dahlback B: Increased plasma levels of the soluble 
Mer tyrosine kinase receptor in systemic lupus erythematosus relate to 
disease activity and nephritis. Arthritis Res Ther 201 1, 13:R62. 
Recarte-Pelz P, lassies D, Espinosa G, Hurtado B, Sala N, Cervera R, Reverter JC, 
de Frutos PG: Vitamin K-dependent proteins Gas6 and Protein S and TAM 
receptors in patients of systemic lupus erythematosus: correlation with 
common genetic variants and disease activity. Arthritis Res Ther 201 3, 1 5:R41 . 
Nakayama W, Jinnin M, Makino K, Kajihara I, Makino T, Fukushima S, Sakai K, 
Inoue Y, Ihn H: CD163 expression is increased in the involved skin and 
sera of patients with systemic lupus erythematosus. Eur J Dermatol 2012, 
22:512-517. 

Sierra-Filardi E, Vega MA, Sanchez-Mateos P, Corbi AL, Puig-Kroger A: Heme 
Oxygenase-1 expression in M-CSF-polarized W\2 macrophages contributes 
to LPS-induced IL-10 release. Immunobiology 2010, 215:788-795. 
Nielsen MJ, Mailer HJ, Moestrup SK: Hemoglobin and heme scavenger 
receptors. Antioxid Redox Signal 2010, 12:261-273. 
Anwar A, Keating AK, Joung D, Sather S, Kim GK, Sawczyn KK, Brandao L, 
Henson PM, Graham DK: Mer tyrosine kinase (MerTK) promotes 
macrophage survival following exposure to oxidative stress. J Leukoc Biol 
2009, 86:73-79. 

Li Y, Gerbod-Giannone MC, Seitz H, Cui D, Thorp E, Tall AR, Matsushima GK, 
Tabas I: Cholesterol-induced apoptotic macrophages elicit an 
inflammatory response in phagocytes, which is partially attenuated 
by the Mer receptor. J Biol Chem 2006, 281:6707-6717. 
Lu Q, Lemke G: Homeostatic regulation of the immune system by 
receptor tyrosine kinases of the Tyro 3 family. Science 2001, 293:306-31 1. 
Cohen PL, Caricchio R, Abraham V, Camenisch TD, Jennette JC, Roubey RA, 
Earp HS, Matsushima G, Reap EA: Delayed apoptotic cell clearance and 
lupus-like autoimmunity in mice lacking the c-mer membrane tyrosine 
kinase. J Exp Med 2002, 196:135-140. 

Cheong HS, Lee SO, Choi CB, Sung YK, Shin HD, Bae SC: MerTK 

polymorphisms associated with risk of haematological disorders among 

Korean SLE patients. Rheumatology (Oxford) 2007, 46:209-214. 

Wu CS, Hu CY, Chan CJ, Chang SK, Hsu PN: Genetic polymorphism of the 

growth arrest-specific 6 gene is associated with cutaneous vasculitis in 

Taiwanese patients with systemic lupus erythematosus. Clin Rheumatol 

2012,31:1443-1448. 

Lautrette A, Li S, Alili R, Sunnarborg SW, Burtin M, Lee DC, Friedlander G, 
Terzi F: Angiotensin II and EGF receptor cross-talk in chronic kidney 
diseases: a new therapeutic approach. Nat Med 2005, 1 1:867-874. 
Scheller J, Chalaris A, Garbers C, Rose-John S: ADAM17: a molecular switch 
to control inflammation and tissue regeneration. Trends Immunol 201 1, 
32:380-387. 

Garbin U, Baggio E, Stranieri C, Pasini A, Manfro S, Mozzini C, Vallerio P, 
Lipari G, Merigo F, Guidi G, Cominacini L, Fratta PA: Expansion of necrotic 
core and shedding of MerTK receptor in human carotid plaques: a role 
for oxidized polyunsaturated fatty acids? Cardiovasc Res 2013, 97:125-133. 
Timmermann M, Hogger P: Oxidative stress and 8-iso-ProStaglandin F 
(2alpha) induce ectodomain shedding of GDI 63 and release of tumor 
necrosis factor-alpha from human monocytes. Free Radic Biol Med 2005, 
39:98-107. 

Rovida E, Paccagnini A, Del Rosso M, Peschon J, Dello SP: TNF-alpha- 
converting enzyme cleaves the macrophage colony-stimulating factor 
receptor in macrophages undergoing activation. J Immunol 2001, 
166:1583-1589. 

Murumkar PR, DasGupta S, Chandani SR, Giridhar R, Yadav MR: Novel TACE 
inhibitors in drug discovery: a review of patented compounds. Expert 
Opin Ther Pat 2010, 20:31-57. 

Ekman C, Stenhoff J, Dahlback B: Gas6 is complexed to the soluble 
tyrosine kinase receptor AXL in human blood. J Thromb Haemost 2010, 



46. 



47. 



49. 



50. 



52. 



53. 



54. 



Ekman C, Jonsen A, Sturfelt G, Bengtsson AA, Dahlback B: Plasma 
concentrations of Gas6 and sAXL correlate with disease activity in 
systemic lupus erythematosus. Rheumatology (Oxford) 201 1, 50:1064-1069. 
Ekman C, Gottsater A, Lindblad B, Dahlback B: Plasma concentrations of 
Gas6 and soluble AXL correlate with disease and predict mortality in 
patients with critical limb ischemia. Clin Biochem 2010, 43:873-876. 
Reed JH, Jackson MW, Gordon TP: B cell apotopes of the 60-kDa Ro/SSA 
and La/SSB autoantigens. J/lL/to/mmm 2008, 31:263-267. 
Dugar M, Cox S, Limaye V, Gordon TP, Roberts-Thomson PJ: Diagnostic 
utility of anti-Ro52 detection in systemic autoimmunity. Postgrad Med J 
2010, 86:79-82. 

Hafizi S, Dahlback B: Gas6 and protein S. Vitamin K-dependent ligands for 
the AXL receptor tyrosine kinase subfamily. FEBS J 2006, 

273:5231-5244. 

Uehara H, Shacter E: Auto-oxidation and oligomerization of protein S on 
the apoptotic cell surface is required for Mer tyrosine kinase-mediated 
phagocytosis of apoptotic cells. J Immunol 2008, 180:2522-2530. 
Dahlback B, Wiedmer T, Sims PJ: Binding of anticoagulant vitamin 
K-dependent protein S to platelet-derived microparticles. Biochemistry 
1992,31:12769-12777. 

Sellam J, Proulle V, Jungel A, Ittah M, Miceli Richard C, Gottenberg JE, Toti F, 
Benessiano J, Gay S, Freyssinet JM, Mariette X: Increased levels of 
circulating microparticles in primary Sjogren's syndrome, systemic lupus 
erythematosus and rheumatoid arthritis and relation with disease 
activity. Arthritis Res Ther 2009, 1 1 :R1 56. 

Gris JC, Toulon P, Brun S, Maugard C, Sarlat C, Schved JF, Berlan J: The 
relationship between plasma microparticles, protein S and 
anticardiolipin antibodies in patients with human immunodeficiency 
virus infection. Thromb Haemost 1996, 76:38-45. 



doi:10.1186/ar4407 

Cite this article as: Zizzo et al.: Circulating levels of soluble MER in lupus 
reflect M2c activation of monocytes/macrophages, autoantibody 
specificities and disease activity. Arthritis Research & Therapy 2013 15:R212. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



